Objectives: To assess potential roles of effector cells and immunologic markers in demyelinating CNS lesion formation, and their modulation by interferon b-1a (IFN-b-1a).
In multiple sclerosis (MS), inflammatory cells induce blood-brain barrier permeability and migrate into the CNS, 1 where antigen recognition propagates inflammatory responses leading to demyelination. CD4
1 T cells are key mediators of the MS autoimmune response. Interferon (IFN)-g-producing Th1 cells and interleukin (IL)-17A-producing Th17 cells contribute to inflammation, 2 while IL-4-producing Th2 cells and transforming growth factor b1 (TGFb1)-and IL-10-producing T regulatory cells (T reg ) have immunoregulatory roles. 3 
IL-22-producing
Th22 cells are a recently identified human T cell lineage, whose function and regulation are incompletely understood. 4, 5 Transcription factors mediating Th1, Th2, Th17, and Th22 cell differentiation (T-bet, GATA3, retinoic acid-related orphan nuclear hormone receptor C [RORc] , and aryl hydrocarbon receptor [AHR] , respectively) are reported to crossregulate each other. In addition, IL-12 induces Th1 cell differentiation, and IL-4 induces Th2 differentiation. IL-6, 6 IL-1b, 7 TGFb, IL-21, 8 and IL-23 contribute to Th17 cell differentiation, while IFN-g, IL-4, IL-27, 9 IL-12, and IL-10 inhibit it.
Adoptive transfer of myelin-specific CD8
1
T cells induces experimental autoimmune encephalomyelitis, 10 and activated CD8 1 T cells secrete proinflammatory cytokines and express adhesion molecules, facilitating CNS infiltration. 11 A high percentage of MS lesion CD8
1 T cells expressed the proinflammatory cytokine IL-17. 12 Voxel-wise magnetization transfer ratio (VW-MTR) is an advanced MRI technique sensitive to myelin changes. Decreasing and increasing VW-MTR volumes suggest demyelination and remyelination, respectively, [13] [14] [15] [16] [17] which studies suggest can occur in parallel or sequence.
In this open-label, prospective pilot study, specific effector cells and immunologic markers potentially involved in demyelinating CNS lesion formation were evaluated at baseline and after 6 months of treatment with IFN-b-1a subcutaneously (SC) 3 times a week (Rebif; EMD Serono, Inc., Rockland, MA).
METHODS Standard protocol approvals, registrations, and patient consents. The study (ClinicalTrials.gov: NCT01085318) was approved by the institutional review board and written informed consent was obtained from participants in accordance with Good Clinical Practice guidelines and the Declaration of Helsinki.
Study participants. The study enrolled 23 patients with relapsing-remitting MS (RRMS) to undergo treatment with IFN-b-1a SC 3 times a week over 6 months, and 15 age-and sex-matched healthy controls (HCs), as recently reported. 17 The inclusion criteria for patients were a diagnosis of RRMS according to the revised McDonald criteria, 18 age 18 to 65 years, and treatment-naive or currently not receiving US Food and Drug Administration-approved disease-modifying therapies with a treatment-free period of 3 months before enrollment, as indicated in the recent clinical trial report. 17 Participants were first treated in June 2010 and follow-up ended in February 2012, and the trial was conducted at a single center in Buffalo, NY. The sample size was based on clinical rather than statistical considerations.
Cell isolation. Blood samples for immunologic studies were collected at baseline from HCs and at baseline and 6 months after IFN-b-1a SC treatment from patients with RRMS. Peripheral blood mononuclear cells (PBMCs) were separated by Ficoll density gradient (GE Healthcare Life Sciences, Pittsburgh, PA). CD4
1 T cells and CD14 1 monocytes were isolated from PBMCs using magnetic bead separation (Mylteni Biotech, San Diego, CA); purity was consistently .95%.
Quantitative reverse transcription-PCR. Primers were purchased from Applied Biosystems (Grand Island, NY), and gene expression of transcription factors (T-bet, GATA3, RORc, interferon regulatory factor 4, forkhead box P3, and AHR), cytokines (IFN-g, IL-4, IL-17A, IL-17F, IL-21, IL-22, and IL-10), cytokine receptors (IL-1R1, IL-23R, IL-21R, IL-12Rb, and IL-27Ra), and neurotrophic factors nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF) were measured in CD4 MRI acquisition. Brain MRIs were performed using a 3T GE Signa LX Excite 12.0 scanner (GE Healthcare, Waukesha, WI). Patients received a single dose (0.1 mM/kg) of gadolinium (Gd) contrast IV.
T2-weighted hyperintense and T1-weighted hypointense preand postcontrast lesion volumes were assessed using a semiautomated edge detection contouring/thresholding technique.
21 T2 lesions were delineated on fluid-attenuated inversion recovery (FLAIR) images and confirmed on proton density (PD) and T2 images. T1 hypointense lesions were delineated on T1 spin-echo images, and T1 Gd lesions were delineated on postcontrast T1 spin-echo images.
The VW-MTR maps were obtained using PD images obtained with and without magnetization transfer pulse with an offset of 1,200 Hz, described in detail previously.
14 T1, T1 Gdenhancing, T2/PD/FLAIR, MTR, and 3D T1-weighted images were coregistered using FSL's linear image registration tool (FMRIB, Oxford, UK). Three-dimensional T1-weighted images were segmented to classify voxels as gray matter, white matter, and CSF. VW-MTR difference maps were created by subtracting VW-MTR map pairs based on longitudinal time points. Voxels were classified as increasing or decreasing (suggesting remyelination or demyelination, respectively) within normal-appearing brain tissue (NABT), T2, T1, and T1 Gd-enhancing lesion volumes. 17 Statistical analyses. Differences in immunologic biomarkers between patients and HCs at baseline were compared using an unpaired t test. The change from baseline to 6 months for patients with RRMS was analyzed using a paired t test for each immunologic biomarker.
Spearman rank correlation was used to test the correlations between baseline immunologic measures and conventional MRI/ VW-MTR measures, as well as between changes in each from baseline to 24 weeks posttreatment in all enrolled patients; this was also measured in a subgroup of patients who had $1 relapse in the 12 months before enrollment (active patient subgroup).
Since the purpose of these analyses was to explore the relationships between the immunologic and radiologic data, no p value adjustments for multiplicity were made.
Classification of evidence. This research was designed to assess differences between patients with RRMS and HCs in immunologic biomarkers; to evaluate changes in immunologic biomarkers in patients with RRMS after treatment with IFN-b-1a; and to examine the relationships of immunologic biomarkers to demyelinating MRI brain lesion formation in patients with RRMS. Baseline gene expression of Th22 cell transcription factor AHR was increased 2.1-fold in the CD4 
RESULTS

Patients with RRMS have increased Th17
and Th22 cytokine gene expression and intracellular IL-22 production by T cells compared with HCs. A total of 23 patients with RRMS were enrolled; 21 patients (14 women, 9 men; age 39.9 [SD: 10.2] years) and 15 sex-and age-matched HCs (8 women, 7 men; age 36.7 [SD: 10.3] years) completed the study. There were no significant differences in demographic characteristics between the patient and HC groups. 17 One patient with RRMS was lost to follow-up, and one was withdrawn by investigator's decision.
Post hoc analysis of the 15 patients with active disease (characterized by $1 relapse during the 12 months prior to study enrollment) found that baseline demographic characteristics of the patient subgroup were not significantly different from the total patient population (table e-1 at Neurology.org/nn).
In comparison with HCs, baseline gene expression of Th22 cell transcription factor AHR was significantly increased (2.1-fold) in the CD4
1 T cells of patients; IL-17F gene expression was also higher (by 1.9-fold) in CD4 1 T cells from patients, while IL-4 gene expression was 3.6-fold lower (figure 1A).
In comparison with HCs, intracellular cytokine staining studies demonstrated that the percentage of IL-22-producing CD4 1 and CD8 1 T cells at baseline was significantly increased (2.1-fold and 3.2-fold, respectively) in patients (figure 1B).
In In gene expression studies of CD4 1 T cells from patients with RRMS, several significantly higher ratios of proinflammatory vs immunoregulatory cytokines in comparison with HCs at baseline were observed; these were ratios of IL-22, IL-17F, and IL-21 to IL-4, and IFN-g to IL-10 (figure e-1A). Significantly higher ratios of CD4
1 cells with intracellular expression of IL-22 to IL-4 and IL-21 to IL-4 were also identified at baseline in patients with RRMS compared with HCs (figure e-1B).
Gene expression studies of CD14 1 monocytes revealed decreased baseline expression of IFNAR1 (1.8-fold) and IFNAR2 (2.0-fold) in patients in comparison with HCs (figure e-2).
IFN-b-1a treatment inhibited Th22 and Th17 cytokine production in CD4 1 cells. After 6 months of treatment with IFN-b-1a, significant reductions were observed in CD4
1 T cell gene expression of Th22 transcription factor AHR (2.2-fold), Th1 transcription factor T-bet (1.9-fold), and Th17 transcription factor RORc (1.6-fold), whereas expression of Th2 transcription factor GATA3 was significantly increased compared with baseline (2.9-fold; figure 3A ).
After treatment with IFN-b-1a, gene expression of IL-17F (2.2-fold), IL-21 (4.5-fold), and IL-27Ra (1.7-fold) was significantly reduced, while IL-21R gene expression was significantly increased (1.6-fold; figure 3 , B and C) in separated CD4
1 T cells. In addition, there were significant decreases in the percentages of IL-22-and IL-17F-expressing CD4 1 T cells (2.1-fold and 3.5-fold, respectively; figure 4A), and in IL-17A-and IL-17F-expressing CD8 1 T cells (1.7-and 2.8-fold, respectively; figure 4B ).
IFN-b-1a SC treatment significantly reduced gene-expression ratios of AHR and T-bet to GATA3, IL-17F and IL-21 to IL-4, and IL-21 to IL-10 in CD4
1 T cells compared with baseline ( figure e-3A) .
Protein expression ratios of the percentage of CD4 
CD8
1 cells inversely correlated with hypointense T1 lesion volume, which reflects more advanced lesions characterized by axonal loss. The immunologic markers and MRI readout changes were from baseline to 6 months, as measured by conventional MRI ( figure 5A ). In addition, increased percentages of IL-10-producing CD4 1 and CD8 1 T cells correlated with greater volume of NABT with increasing VW-MTR (figure 5B), while decrease in Gene expression studies in CD14 1 monocytes revealed decreased baseline expression of IFNAR1 and IFNAR2 in patients, which may reflect decreased endogenous IFN-b secretion and signaling in RRMS, as recently reported by our laboratory. 22 Our previous studies have reported that IFN-b-1a inhibited CD4
1 -naive T cell differentiation to Th17 cells, 23 suppressed the secretion of Th17-polarizing cytokines in human dendritic cells, 2 decreased antigenpresenting capacity of B cells and inhibited their secretion of IL-1b and IL-23, and induced IL-12, IL-27, and IL-10 secretion. 23 The aim of the present study was to evaluate treatment effects of IFN-b-1a on CD4 1 and CD8 1 T cells and on CD14 1 monocytes, as well as to investigate associations between inflammatory markers in RRMS and ongoing events suggestive of demyelination and remyelination in NABT and MS lesions following treatment with IFN-b-1a.
In this study, we found that IFN-b-1a treatment resulted in significant downregulation of gene expression of the Th22 transcription factor AHR and decreased percentage of IL-22 1 CD4 1 cells, which may represent a novel mechanism of action of IFNb-1a. Th22 cells secrete IL-22 and tumor necrosis factor a (TNF-a), and coexpress the chemokine receptors CCR4, CCR6, and CCR10. Both RORc and AHR control the production of IL-22, but AHR more selectively affects Th22 cell differentiation. 5 Multiple studies have indicated that Th22 cells are involved in the pathogenesis of inflammatory disorders 4, [24] [25] [26] [27] ; however, only a few studies have addressed the role of this cell subset in MS. A recent study found that serum IL-22 levels and the percentages of Th22 cells are Neurology: Neuroimmunology & Neuroinflammationsignificantly increased in patients with MS. 28 The number of Th22 cells is increased in the peripheral circulation and CSF of patients with RRMS in comparison with HCs, particularly before clinical relapses.
Th22 cells from patients with MS are reactive to myelin basic protein and express CCR6, a CNS homing chemokine receptor. 29 In contrast to our results revealing inhibition of Th22 cell numbers following IFN-b treatment, this study did not identify inhibition of Th22 cells following short-term in vitro IFN-b treatment, which was associated with a decreased IFNAR1 expression on this cell subset.
In addition to the Th22 cell inhibition following IFN-b-1a treatment in our study, gene expression of Th1 transcription factor T-bet and Th17 markers RORc, IL-17F, and IL-21 was inhibited, while gene expression of Th2 transcription factor GATA3 was increased, demonstrating effect of IFN-b-1a on multiple CD4
1 T cell subsets. Treatment also reduced the percentages of IL-17F-producing CD4
1 T cells and IL-17A-and IL-17F-producing CD8
1 T cells, which is consistent with multiple previous reports of the inhibitory effect of IFN-b-1a on the differentiation and expansion of Th17 cells. 30, 31 We propose that the inhibition of IL-27Ra gene expression in CD4
1 T cells of patients following treatment with IFN-b-1a likely reflects increased IL-27 signaling, 32, 33 which in turn suppresses Th17 cell differentiation. 9 The observed induction of IL-21R expression in CD4
1 T cells and in IL-21R gene expression in CD14
1 monocytes may reflect a negative feedback loop following decreased secretion of IL-21, perhaps contributing to the inhibition of Th17 responses mediated by IFN-b-1a treatment.
Transcription factor AHR to GATA3, and T-bet to GATA3 gene expression ratios decreased significantly after treatment with IFN-b-1a. In addition, the significant inhibition of the gene expression ratios of IL-17F and IL-21 to IL-4, and IL-21 to IL-10, as well as the ratios of CD4 1 T cell numbers expressing IL-17F and IL-22 to IL-4, and IL-22 to those expressing IL-10, would suggest a rebalance of the immune system as a result of treatment.
In CD14 1 monocytes, IFN-b-1a treatment significantly inhibited gene expression of TLR9, consistent with the inhibitory effects of IFN-b-1a on TLR9 processing in patients with MS. 34 IL-23 is one of the key cytokines that induces human Th17 cell differentiation. 6 In this study, IFN-b-1a SC treatment inhibited gene expression of IL-23p19 in monocytes, which may also contribute to the IFN-b-1a-mediated inhibition of Th17 response.
In the measurement of immunology markers following treatment in the active patient subgroup, an increased percentage of immunoregulatory IL-4-and IL-10-producing CD8
1 T cells correlated with decreasing T2 and T1 lesion volume in the conventional brain MRI, respectively. With advanced MRI outcomes, the increase in the percentages of IL-10-producing CD4 1 and CD8 1 T cells correlated positively with NABT volume changes suggestive of remyelination, while the observed decrease in the numbers of proinflammatory IL-17F-producing CD4 1 cells correlated positively with decreased volume of NABT with decreasing VW-MTR, which suggests less demyelination. In contrast, previous studies did not identify correlations between TNF-b, TNFR1, TNFR2, IL-4, IL-10, and IFN-g and brain lesion volumes as measured by conventional MRI. 35 Seasonal fluctuations of IFN-g and TNF-a did not correlate with the number of active MRI lesions. 36 Over the course of the treatment period, 5 patients experienced clinical exacerbations. 17 However, when we analyzed their immunologic marker expression in comparison to the remaining 18 patients who responded favorably to IFN-b-1a treatment, we did not identify any statistically significant changes in the immunologic marker expression between the 2 groups. The treatment period of 6 months may have been too short to assess responsiveness to IFN-b-1a SC in RRMS. Thus, longer-term analysis of immunologic measures would be valuable and should take into account patient subpopulations (e.g., disease activity and treatment history that may influence the immunologic status of patients). Longer duration and larger sample size than was included in this pilot study are needed to draw conclusions regarding the effect of IFN-b-1a on immunologic measures in patients with RRMS.
Treatment with IFN-b-1a resulted in the inhibition of proinflammatory Th22 and Th17 responses, suggesting an anti-inflammatory mechanism of action, while immunoregulatory markers induced during the treatment course correlated with imaging changes suggestive of remyelination.
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